Background: Children born preterm are prone to motor problems. Research on their motor performance has, however, rarely been integrated with sensory processing. Aim: To examine sensory-motor performance in children born extremely preterm (EPT). Method: In a longitudinal prospective cohort study, 49 EPT (born < 28 gestational weeks; 32 boys and 17 girls) and 33 term-born (16 boys and 17 girls) children were assessed with six individual subtests from the Sensory Integration and Praxis Tests at the age of 7.0 to 7.3 years. Results: The rate of test z-scores indicating dysfunction [from −2 standard deviations (SD) to < −1 SD for mild and < −2 SD for moderate-to-severe] was significantly higher in EPT children than in term-born children in all the subtests. When comparing mean performance adjusted for gender and mother's education, EPT children performed worse than term-born children in Design Copying (z-score difference − 0.83; 95% confidence interval −1.32 to −0.34), Motor Accuracy (−0.82; −1.26 to −0.38), Postural Praxis (−0.95; −1.45 to −0.45), Manual Form Perception (−0.59; −1.12 to −0.06), and Finger Identification (−0.88; −1.45 to −0.31). Additional adjustment for Full-Scale Intelligence Quotient rendered difference in Manual Form Perception nonsignificant. Conclusion: Seven-year-old EPT children perform worse than their term-born peers in tests for visual-motor, somatosensory, and motor planning performance.
Introduction
Children born preterm are at a greater risk than their term-born peers of developing poor motor coordination in both gross and fine motor domains [1, 2] . At school-age, the prevalence of mild-to-moderate motor impairment in preterm children is approximately 40% [2] , and poor motor coordination persists throughout childhood [1] into adulthood [3] . Motor coordination skills are positively associated with attention and executive function [4] , which constitute a specific area of weakness among very preterm children [5] . Motor coordination in conjunction with perceptual abilities in preterm children has been widely studied regarding visual-motor integration [6] .
The context for preterm children's motor and other neurodevelopmental problems most likely lies within altered brain white and grey matter structures [7] , cerebellar injury [8] , and disrupted thalamocortical connections [9] . The mechanisms for how these micro-and macrostructural alterations of the developing brain become evident as mild or moderate motor impairment are, however, unclear. One underlying factor for preterm children's motor problems may be poor integration of sensations from the body and the environment. The sensory integration (SI) concept draws attention to a person's abilities to organize sensations for perception, modulation, and sensory-motor functions. This ongoing process influences the dynamic use of the body and the limbs spatially in relation to each other and the environment, affecting daily activities and behaviors, and learning new skills [10, 11] .
The role of sensory processing in motor performance is rarely addressed in studies on preterm children. The purpose of our study was to describe both sensory and motor performance in seven-year-old children born extremely preterm (EPT) without major neurosensory disabilities [cerebral palsy, Full-Scale Intelligence Quotient (FSIQ) < 70, blindness or deafness]. Based on previous research and our clinical experience, we hypothesized that EPT children would perform worse T than their term-born peers in tests of visual-motor, somatosensory (i.e., proprioception, haptic perception, and passive tactile perception), and bilateral integration abilities. This study is one of the first to explore the sensory processing difficulties that may underlie motor impairment experienced by EPT children.
Material and methods

Study design and participants
This study included 49 EPT children and 33 term-born children (inclusion, exclusion criteria and drop-outs summarized in Fig. 1 ). The children originally participated in a longitudinal prospective cohort study of 85 EPT children who were consecutively born at < 28 weeks' gestation between May 2006 and September 2008 and were actively treated after birth at the neonatal intensive care unit of the Helsinki University Hospital, Finland (KeKeKe Study -Extremely Preterm Birth and Development of the Central Nervous System [12] ). Controls of the original cohort were 39 children born healthy at term age between September 2006 and June 2009 in the Hospital District of Helsinki and Uusimaa, Finland. They were recruited to the study shortly after birth from the maternity ward of the Department of Obstetrics, Helsinki University Hospital or at six years of age through an advertisement that was delivered to nursery schools in Helsinki and also distributed by an association of premature babies' parents ( Fig. 1) . Inclusion criteria included gestational age from 37 +0 to 42 +0 weeks, birth weight > 2500 g and no need for observation or treatment in the neonatal ward. The Ethics Committee for gynecology and obstetrics, pediatrics and psychiatry of the Hospital District of Helsinki and Uusimaa granted ethical approval for the original study and the follow-up at 6-7 years. Parents or guardians of the participating children provided written informed consent to participation and publication of the results. In addition, all children received age-appropriate information about the study and provided consent to participate in the study.
Clinical data
Obstetric, neonatal, maternal, and paternal data were obtained from the hospital records and parental questionnaires. When available, gestational age was determined from the first-trimester ultrasound. Small for gestational age was defined as birth weight z-score < −2 SD according to the Finnish growth reference data [13] . The highest grade of intraventricular hemorrhage in serial cranial ultrasound during the neonatal period was recorded. White matter injury in brain magnetic resonance imaging at term equivalent age was classified into four categories from none to severe [12, 14] . Information regarding hearing and vision were collected from the child's health records and, when necessary, a visual acuity test and cover tests for strabismus were performed.
Cognitive development (Full-Scale, Performance, and Verbal Intelligence Quotient) was measured at 6-7 years [median (IQR): EPT children 6.5 (0.2) years, term-born children 6.5 (0.1) years, p = 0.80] with three Performance (Block Design, Matrix Reasoning, and Picture Completion) and two Verbal (Information and Vocabulary) subtests of the Finnish edition of the Wechsler Preschool and Primary Scale of Intelligence -Third Edition (WPPSI-III) [15] or the Wechsler Intelligence Scale for Children -Fourth Edition (WISC-IV) [16] . Missing subtest data were imputed by the mean of the available Performance or Verbal subtest scores. 
Sensory Integration and Praxis Tests
The Sensory Integration and Praxis Tests (SIPT) [10] are a diagnostic tool for 4 years 0 months to 8 years 11 months old children. Based on sensory integration theory, SIPT assesses performance irregularities in learning and behavior through aspects of sensory processing in visual, proprioceptive, vestibular and tactile systems with 17 individually scored subtests. Each subtest's raw score is standardized with a normative data sample of 1997 US children using a computerized scoring system to obtain z-scores [mean = 0, standard deviation Each subtest discriminates between dysfunctional and normal performance (p < 0.01) and has very high inter-rater reliability (0.94 to 0.99) [10] .
For the present study, we selected six subtests of the SIPT to measure performance problems that we have observed in EPT children in clinical practice. One experienced, SIPT-certified examiner (UN), who was blinded to group status, conducted all the assessments in one-time meetings when the children were at the age of 7 years 0 months to 7 years 3 months. The administered SIPT subtests included:
1. Design Copying -the child replicates two-dimensional drawings (accuracy and strategy, i.e. reversals, inversions, segmentations, lateralization, and right-to-left orientation, recorded); measures visual-motor integration (i.e., visual-motor coordination and visualperceptual abilities) and visuopraxis. two-dimensional forms without seeing them, one hand at a time, to find a similar picture (touch and vision) or a matching pair with the opposite hand (touch only); measures haptic perception and visualization abilities. 5. Finger Identification -the child indicates which finger or two fingers the examiner touches at volar side (vision occluded); measures tactile perception. 6. Bilateral Motor Coordination -the child imitates rhythmic reciprocal movements of hands or feet (smoothness, continuity, and accuracy recorded); measures functional integration of the two sides of the body [10] .
Test data were not available for one EPT child for Finger Identification, and another EPT child refused to complete Postural Praxis and Bilateral Motor Coordination. Other subtest data from these children were included in the analyses.
Statistical analyses
Statistical analyses were performed with SPSS version 23 (IBM SPSS Statistics, IBM Corporation, US). We compared characteristics between the participating EPT and term-born children and, further, between the analyzed groups and drop-outs (separately for EPT and term-born children) to assess potential bias in the study groups. Group characteristics were compared with Student's t-test, Mann-Whitney U, χ 2 or
Fisher's exact test when appropriate. Normality of distribution for continuous variables was assessed visually from histograms or by Shapiro-Wilk test. For continuous variables with normal distribution, means (SD) are reported; otherwise medians (IQR). Categorical data are presented with n (%). Significance was set at 0.05 using two-tailed comparison. We calculated odds ratios for dysfunction between the EPT and term-born groups according to each performed SIPT subtest with cumulative logistic regression or, in case of results in only two categories, with binary logistic regression. Testing of parallel lines (proportional odds assumption) was computed for each cumulative regression model.
SIPT subtest z-scores of the EPT and term-born groups were compared with unadjusted and adjusted linear models. Based on previous research, gender and mother's education (in three categories; refer to Table 1 ) served as confounding factors in the adjusted Model 1, and additionally FSIQ (as a continuous variable) in the adjusted Model 2. The assumptions (equality of variances and normality of the test residual distribution) of the analyses were verified visually from graphs. Due to missing FSIQ data, three EPT children and one term-born child were excluded from Model 2. The unadjusted model and Model 1 yielded essentially similar results when including or excluding these three children. Therefore, these models include all children assessed with the subtest in question.
To assess the effect size of the differences in the SIPT subtest zscores, we calculated Cohen's d-values, where generally d = 0.2 represents a small effect, d = 0.5 a medium effect, and d = 0.8 a large effect. Cohen's d was defined as mean difference divided by pooled standard deviation, i.e. the square root of the average of the squared standard deviations.
Results
Characteristics of the studied EPT children and their term-born peers along with comparison of the participating and drop-out EPT children are presented in Table 1 . The EPT children who participated in the study were more often twins, were less often exposed to maternal smoking during pregnancy, and more often expressed respiratory distress syndrome and bronchopulmonary dysplasia than those who dropped out. The participating term-born children had higher gestational age (median 40.3 vs. 38.6, p = 0.008) than the term-born dropouts. Other demographic characteristics of the participating and dropout groups did not differ significantly. None of the EPT children had severe white matter injury at term age. No child was blind or deaf; one EPT child used hearing aids and 11 EPT children had strabismus and/or were using glasses, two of whom had decreased corrected visual acuity (0.4 to 0.5). Excluding these two EPT children yielded no significant changes in the results below.
EPT children expressed wide variance in their sensory-motor performance (Fig. 2) . Definite-to-severe dysfunction was evident in Design Copying, Motor Accuracy, Postural Praxis, Manual Form Perception, and Finger Identification among the EPT children (ranging from 8% to 21% of this sample), and in Finger Identification among their term-born controls (6%) ( Table 2 ). Subsequently, EPT children had significantly higher, up to fourteen-fold, odds for dysfunction in all the performed SIPT subtests (borderline significant in Finger Identification). The odds ratio for Manual Form Perception could, however, not be calculated in the absence of any dysfunction among the term-born children (Table 2) .
When comparing test z-scores, EPT children performed significantly worse in all the performed SIPT subtests except Bilateral Motor Coordination (Table 3 and Fig. 2 ). All the significant group differences in the unadjusted model remained significant after adjusting for gender and mother's education. After additional adjustment for FSIQ, the group difference in Design Copying and Postural Praxis was attenuated but remained significant, and was no longer significant in Manual Form Perception (Table 3 ).
Discussion
In this study of EPT children without major neurosensory disabilities or severe white matter injury, sensory-motor performance was studied using a standardized test battery for children. Comparisons to a term-born control group were performed using both categorized and continuous data to assess differences in rates of dysfunction as well as in mean performance. The rate of mild to severe dysfunction was significantly higher in EPT children than their term-born controls in all the studied tests with 20 to 50% of EPT children in the "dysfunctional" performance range as opposed to 0 to 30% of term-born children. Regarding mean performance, the test scores of EPT children were 0.6 to 1.0 SD lower than the scores of the controls, with medium to large effect sizes in Design Copying, Motor Accuracy, Postural Praxis, Manual Form Perception, and Finger Identification.
Our results are consistent with previous studies [17] [18] [19] that have used SIPT in the assessment of school-aged preterm children. Goyen et al. [19] studied Design Copying and Postural Praxis among other tests in eight-year-old EPT children with and without developmental coordination disorder. They revealed worse performance scores in reference to a full-term control group in praxis and visual processing in EPT children, and EPT children with developmental coordination disorder scored even lower than those without it. DeMaio-Feldman [17] studied Manual Form Perception and Finger Identification among other somatosensory processing tests in a group of seven-year-old very low birth weight children and found mean scores of almost 1 SD below the normative mean.
The greatest difference between EPT and term-born children was found in visual-motor coordination tests: Motor Accuracy and Design Copying. Motor Accuracy yielded the largest effect size and odds ratio for dysfunction of the performed SIPT subtests, suggesting impaired pen skills among extremely preterm children. Previous studies have shown clear evidence of visual-motor integration deficits in very preterm children [6] , and handwriting is one of their special challenges [18] . Handwriting is a perceptual-motor skill that requires, in addition to visual-motor coordination, the utilization of multiple sensory inputs such as sensory awareness of fingers in tactile and kinesthetic/proprioceptive domains, along with motor planning, cognitive and Table 2 Rates of dysfunction according to the SIPT subtests in 49 extremely preterm born children and 33 term-born controls with odds ratios (OR) for dysfunction.
Extremely preterm born children n (%) Comparison with cumulative logistic regression unless otherwise specified. Typical-to-advanced functioning is indicated with a test score of −1 SD or higher, mild dysfunction from −2 SD to less than −1 SD, and definite-to-severe dysfunction less than −2 SD in accordance to the normative data mean. OR > 1 indicates more dysfunction in EPT children compared to term-born controls. CI, confidence interval; EPT, extremely preterm; NA, not applicable; SD, standard deviation; SIPT, Sensory Integration and Praxis Tests. a EPT n = 48. b Fisher's exact test. c Binary logistic regression.
perceptual skills, and sustained attention [20] . Performance in SIPT subtests Motor Accuracy and Finger Identification were found to directly correlate with handwriting legibility and speed in preterm born first-graders [18] . The poor performance of our EPT cohort in Design Copying, Motor Accuracy, and Finger Identification further supports these previous findings.
Motor planning and proprioceptive abilities have been only scarcely studied in preterm children. In our study, one third of EPT children showed mild to severe dysfunction in imitating postures in the Postural Praxis subtest. By linking sensory perception and motor execution, Postural Praxis examines the ability to use proprioceptive information and visual cues for planning and producing novel limb movements. These abilities are essential when regarding motor skills from a developmental aspect. During the process of motor skill learning, visual control, which is important at start, gradually decreases while the importance of proprioceptive feedback increases. Meanwhile, the significance of cognitive regulation and conscious attention decreases, and, at the last step after automatization of the movement, the fully organized motor pattern is adapted to dynamically respond to the spatiotemporal constraints of the environment [21] . In this learning process and afterwards, when employing the acquired skill, proprioceptive processing is essential for movement fluency and accuracy [22] .
The difference in bilateral integration performance between EPT and term-born children was more modest than we hypothesized probably because no definite-to-severe dysfunction was found. This might be due to limited discrimination since the smoothness of reciprocal movements in Bilateral Motor Coordination is somewhat challenging to score even with standardized scoring criteria. Future studies on the topic could benefit from videoing the performance allowing more accurate scoring.
To our knowledge, this is the first study to compare haptic perceptual abilities between preterm and term-born children. In Manual Form Perception, all term-born children showed either typical or above average haptic functioning while 14% of EPT children showed definiteto-severe dysfunction suggesting that problems would be evident in everyday life. Haptic perception is required in activities of daily living (ADL), e.g. buttoning a shirt or tying shoelaces, but the extent of the association between haptic perception and ADL skills in children remains unknown. We studied sensory-motor skills per se, but their impact on ADL and academic skills remains an important prospect for future research.
The generalizability of our results applies to a population of EPT children without major disability and major brain injury since we excluded children with cerebral palsy and/or moderate to severe cognitive impairment. Nevertheless, the included EPT children showed rather wide variance in performance as has been demonstrated before [23] .
This study has limitations. The parents of the term-born children were relatively highly educated compared to the parents of the EPT children, and the ratio of boys to girls was lower in term-born than EPT children. Significant differences in performance remained, however, after adjusting the main analyses for gender and mother's education. Our study included visual and somatosensory aspects of motor performance, but omitted vestibular system contributions, which is also essential since balance problems have been reported in preterm children [1] . In addition, while the SIPT subtests were chosen to measure quite selective abilities, many of them, especially Design Copying, Postural Praxis, and Manual Form Perception, also require broader cognitive and sensory functions. EPT children had significantly lower FSIQs than term-born children, which resulted mainly from a lower Performance IQ reflecting perceptual ability, as also observed previously in children born very preterm [23] . Differences in cognitive skills, even within normal range, accounted for some of the performance differences in Design Copying, Postural Praxis, and Manual Form Perception, but it is also noteworthy, that the abilities assessed by the SIPT subtests most likely affect performance in tests of cognitive development. Taking cognition into account when assessing differences in sensory-motor performance is one of the strengths of our study.
Despite the well-known high prevalence of motor problems among preterm children [1, 2] , these problems are often considered merely from a motor skill level point of view. Here, we introduce evidence that EPT children express poorer performance than term-born peers in a variety of sensory-motor skills that are prone to affect performance in school and everyday life. A better understanding of how motor performance requires the utilization of multisensory information processing would be advantageous when developing or targeting interventions. 
